Vancomycin is a renally excreted drug, and its body clearance correlates with creatinine clearance. However, the renal function estimation equation that best predicts vancomycin clearance has not been established yet. The objective of this study was to compare the abilities of different renal function estimation equations to describe vancomycin pharmacokinetics in elderly patients. The NPAG algorithm was used to perform population pharmacokinetic analysis of vancomycin concentrations in 78 elderly patients. Six pharmacokinetic models of vancomycin clearance were built, based on the following equations: CockcroftGault (CG), Jelliffe (JEL), Modification of Diet in Renal Disease (MDRD), Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) (both in milliliters per minute per 1.73 m 2 ), and modified MDRD and CKD-EPI equations (both in milliliters per minute). Goodness-of-fit and predictive performances of the six PK models were compared in a learning set (58 subjects) and a validation set (20 patients). Final analysis was performed to estimate population parameters in the entire population. In the learning step, the MDRD-based model best described the data, but the CG-and JEL-based models were the least biased. The mean weighted errors of prediction were significantly different between the six models (P ‫؍‬ 0.0071). In the validation group, predictive performances were not significantly different. However, the use of a renal function estimation equation different from that used in the model building could significantly alter predictive performance. The final analysis showed important differences in parameter distributions and AUC estimation across the six models. This study shows that methods used to estimate renal function should not be considered interchangeable for pharmacokinetic modeling and model-based estimation of vancomycin concentrations in elderly patients.
R
enal function influences vancomycin elimination kinetics and its dosing in clinical practice. About 80 to 90% of a vancomycin dose is eliminated unchanged in the urine in subjects with normal renal function (1) . Vancomycin body clearance is significantly reduced and half-life is prolonged in elderly patients compared with those in young adult patients. While reduced renal function is the major determinant, age has also been described as an independent descriptor of pharmacokinetic changes in the elderly (2) .
The Bayesian approach is viewed as the most efficient method for vancomycin monitoring and dose adjustment (3, 4) . This approach requires population information on the drug pharmacokinetics (PK), including the structural and covariate models, and parameter distributions. Population PK analysis can provide such information and identify quantitative relationships between pharmacokinetic parameters and clinical descriptors such as renal function.
In the 1980s and 1990s, several studies reported a positive linear correlation between vancomycin body clearance and creatinine clearance (CL CR ) (5) (6) (7) (8) (9) (10) . In those studies, creatinine clearance was either estimated using the Cockcroft-Gault (CG) equation or measured from urine collection. For vancomycin and many other drugs, the CG equation has been the reference index for adjusting drug dosage regimens in the case of renal impairment. New equations for estimating the glomerular filtration rate (GFR) have been proposed in the last 15 years, notably the Modification of Diet in Renal Disease (MDRD) equation and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. It has been shown that these two equations provide more accurate estimation of the GFR than the CG equation in most patient populations (11) (12) (13) (14) (15) . However, it remains to be proven that these new equations are better descriptors of drug clearance for renally excreted agents. The equation that best predicts vancomycin clearance has not been established yet.
The objective of this study was to compare the abilities of different renal function estimation equations to describe vancomycin clearance and estimate vancomycin concentrations in a population of elderly hospitalized patients.
(This work has been presented in part at the 9th French meeting of Physiology, Pharmacology and Therapeutics [P2T], 22 to 24 April 2014, Poitiers, France.)
MATERIALS AND METHODS
Study population. This was a retrospective study performed with patients hospitalized in various geriatric units from October 2009 to January 2013.
Most patients were hospitalized at the University Hospitals of Lyon. A few patients were hospitalized in other hospitals in the Lyon area. Vancomycin and serum creatinine assay were performed in the same laboratory, except for five patients. All patients benefited from routine therapeutic drug monitoring and Bayesian adaptive control of vancomycin dosage regimens using the BestDose (formerly MM-USC*PACK) software (Laboratory of Applied Pharmacokinetics, USC School of Medicine, Los Angeles, CA [http://www.lapk.org]). As this was a retrospective, noninterventional study based on data collected in routine clinical care, an Institutional Review Board (IRB) approval was not necessary, in accordance with French regulations for clinical research.
Data available for each patient were age, sex, height, weight, and serum creatinine levels, as well as vancomycin doses, infusion durations, dosing times, blood sampling times, and concentrations in plasma. Any changes in covariate observations during vancomycin therapy (e.g., body weight and serum creatinine) also were recorded precisely.
Serum creatinine was assayed by an enzymatic method on an Abbott Architect C8000 automated analyzer. This method was traceable to the reference isotope dilution mass spectrometry (IDMS) method. Serum vancomycin concentrations were measured by immunoturbidimetric assay on the same Abbott Architect automated system. The assay calibration data, expressed as coefficients of variation, were 6.56%, 2.20%, and 2.41% for control levels of 6.40, 22.26, and 36.08 mg/liter, respectively. The lower limit of quantification of the assay was 1.1 mg/liter.
Renal function estimation. For each patient, renal function was estimated and updated for any change in serum creatinine by using six estimation equations: the original Cockcroft-Gault, the Jelliffe (JEL), the MDRD, the CKD-EPI, and the modified MDRD and CKD-EPI (MDRDm and CKD-EPIm, respectively) equations. Every serum creatinine available during the duration of vancomycin therapeutic drug monitoring was included in the analysis, even when vancomycin concentration was not measured on the same day. The modified MDRD and CKD-EPI equations consisted of adjusting the estimate provide by the equations to individual body surface area. The six equations are detailed below.
The Cockcroft and Gault (CG) formula is (16) CL CR (milliliters per minute) ϭ [K ϫ (140 Ϫ age) ϫ weight]/S Cr , where K is 1.23 if the subject is female and 1.04 if the subject is male, age is in years, actual body weight is in kilograms, and serum creatinine (S Cr ) is in micromoles per liter.
The Jelliffe equation (JEL), which is implemented in the BestDose software, is (17) CL CR (milliliters per minute per 1.73 m 2 
, where P is the adjusted daily production of creatinine (in milligrams per day, estimated from previous works), W is the body weight in hundreds of grams, C 1 and C 2 are the first and the second serum creatinine levels in milligram/deciliter, and T is the time between the two serum creatinine levels in days; 1,440 is the number of minutes in 1 day. The estimate is adjusted to body surface area (BSA, in square meters) and expressed per 1.73 m 2 of surface area. Body surface area is estimated using the Gehan and George equation (18 ( with the result multiplied by 1.159 if the subject is black and 1.018 if the subject is female, and both coefficients apply to black females), where S Cr is serum creatinine (in micromoles per liter), is a constant equal to 0.7 if the subject is female and 0.9 if the subject is male, ␣ is a constant equal to Ϫ0.329 if the subject is female and Ϫ0.411 if the subject is male, and min and max indicate the minimum and maximum of S Cr / or 1, respectively.
The modified MDRD and CKD-EPI equations adjusted to individual body surface area are GFR (milliliters per minute) ϭ GFR(MDRD or CKD-EPI) ϫ (BSA/1.73 m 2 ), where BSA is the patient's individual body surface area estimated by the Du Bois formula (20) .
Pharmacokinetic model building. The patient population was divided into two groups by random selection: a learning set of 58 patients and a validation set of 20 patients. The learning set was used for model selection and initial estimation of pharmacokinetic parameters. The validation set was then used for external validation of the models selected in the first step. The entire data set was used for final estimation of pharmacokinetic parameters (third step). The Non-Parametric Adaptive Grid (NPAG) algorithm was used as population approach for all analyses (21) .
One-, two-, and three-compartment models without any covariates were fitted to vancomycin concentrations in the learning set to determine the best structural model. The influences of available covariates on PK parameters were then assessed in the selected structural model.
The influence of body weight on vancomycin clearance and volume of distribution was examined using various relationships, including linear equations and allometric scaling.
The influence of renal function on vancomycin clearance was modeled as follows:
where CL VANCO Because a two-compartment model best fit the data (see Results), six two-compartment models were created and compared in subsequent analyses, each based on a renal function estimation equation (see equation 1). Each model had five parameters: the two clearance parameters described above (CL NR and CL S ), volume of distribution (V, in liters), and intercompartment transfer rate constants from the central to the peripheral compartment (K CP , per hour) and in the opposite direction (K PC , per hour). These models are referred to as CG-, JEL-, MDRD-, MDRDm-, CKD-EPI-, and CKD-EPIm-based models in this article for ease of reading.
In the NPAG modeling procedure, the residual variability was described by a polynomial equation as follows:
where Y i is the predicted vancomycin assay standard deviation for the observed concentration Cobs i . The coefficients in the relationship between Y i and Cobs i are based on best-fit polynomial to the drug assay precision data. ␥ is a positive coefficient estimated by the NPAG algorithm which inflates the assay imprecision to take into account other sources of noise in the parameter estimation.
The goodness of fit of candidate models was evaluated using the Akaike information criterion (AIC ϭ Ϫ2 log(L) ϩ 2p, where L is the likelihood and p is the number of parameters in the model). When comparing two models, a lower AIC value indicates a better fit.
Bias and precision of population and individual Bayesian posterior predictions provided by the model were used to assess predictive performances of candidate models. The mean error (ME, in milligrams per liter) and the mean weighted error (MWE, in milligrams per liter) of prediction were used as measures of bias, while the mean weighted squared error (MWSE, in square milligrams per square liter) of prediction was used as a measure of precision. Weighted measures of bias and precision were used because outlier data (very high, unexplained observed vancomycin concentrations) were observed in the data set. Those measures are based on the individual error of prediction (E i ), according to the following equations:
where Cobs i and Cpred i represent the concentrations observed and predicted by the model, respectively (in milligrams per liter), and Y i is the standard deviation related to Cobs i and provided by equation 2. ME, MWE, and MWSE are the means of E i , WE i , and WSE i , respectively.
Model validation. The predictive performances of the final models were assessed in a subset of 20 patients who were not included in the learning step. The population nonparametric joint densities of pharmacokinetic parameters estimated by the NPAG algorithm in the learning set were used to calculate population predictions. In addition, those densities were used as priors for Bayesian estimation of individual parameters of the 20 patients and subsequent calculation of individual predictions. Bias and precision of both population and individual predictions from the six models were compared. Also, a cross-validation was performed for the models based on the CG, JEL, original MDRD, and original CKD-EPI equations, by calculating individual predictions from each model but replacing the corresponding renal function estimates with those provided by the other three equations for each patient in the validation data set. This cross-validation was performed to investigate whether the renal function estimation equations could be interchangeable in model-based prediction.
Final analysis. Finally, the six final models were fitted to vancomycin data from the entire 78-patient data set in order to get final estimates of the PK parameters. The nonparametric population joint densities estimated in the 58-patient learning set were used as initial prior distributions for this calculation. The goodness-of-fit and predictive performances were assessed as described above for the learning set. In addition, Bayesian posterior parameters from each model were used to calculate the individual area under the concentration-time curves (AUCs). Because all 78 patients were treated for at least 48 h, AUC 24 -48 calculated over 24 h on the second day of therapy was used for between-model comparisons.
Statistical analysis. The nonparametric Kruskal-Wallis test was used to compare bias and precision between the six models at each stage of the analysis. The same test was also used to compare the estimation of renal function provided by the six formulas. The nonparametric Friedman test for matched groups was used to compare the vancomycin AUC 24 -48 calculated from the six models. Statistical significance was set at 0.05 for all comparisons.
RESULTS
Patient characteristics are presented in Table 1 . For the whole study population of 78 subjects, 376 measured vancomycin concentrations were available. The number of vancomycin concentrations per patient ranged from 1 to 16 (median, 4). Those concentrations were collected over the duration of vancomycin monitoring, which was variable. Most patients were sampled on several occasions, with one to three measurements taken on each occasion (i.e., a given dosing interval). There were 23.7% of concentrations measured at or near the peak (0.5 to 2 h after the end of the infusion, n ϭ 89). About three-quarters of patients were administered intravenous vancomycin under intermittent dosing exclusively. The other patients received vancomycin by continuous intravenous (i.v.) treatment during the entire therapy or part of it. Two hundred sixteen serum creatinine measurements and the same number of renal function estimates from each prediction equation were available. The renal function estimates provided by the six equations were significantly different (P Ͻ 0.0001). The patients' characteristics were similar between the learning and the validation data sets.
In the learning set, a two-compartment model best fit the data. Such a model was associated with a 291-point decrease in the AIC compared with a one-compartment model without any covariate. Body weight and age did not influence vancomycin clearance or volume of distribution. This was not surprising, as the ranges of those covariates were limited in this very homogenous population. Only renal function significantly influenced vancomycin pharmacokinetics. Values of the gamma parameter of the residual error model ranged from 1.23 (MDRDm model) to 1.39 (CKDEPIm model), which indicates limited overall noise in the data. Goodness-of-fit and predictive performances of the six clearance models are shown in Table 2 . The inclusion of estimated CL CR or GFR as a covariate on vancomycin body clearance significantly improved the model fit with each of the six renal function estimation equations. However, the relative decrease in the AIC compared with the simple two-compartment model varied substantially between the six models of vancomycin clearance: Ϫ43.6, Ϫ40.2, Ϫ58.5, Ϫ56.9, Ϫ12.2, and Ϫ6.7 for the models based on the CG, JEL, MDRD, MDRDm, CKD-EPI, and CKD-EPIm equations, respectively. The AIC criterion indicated that the MDRDand MDRDm-based models best fit the data. The CG-and JEL-based models were close, while the CKD-EPI-and CKDEPIm-based models showed poorer fits. Biases were significantly different between the six models (P ϭ 0.0071). The JEL-and CGbased model showed the least mean weighted error. Precisions, as measured by the mean weighted squared error, were not significantly different (P ϭ 0.80).
In the analysis of the validation data set, bias and precision of both population and individual predictions from the six models were not significantly different (Table 3 ). In addition, a crossvalidation of the CG-, JEL-, MDRD-, and CKD-EPI-based models was performed by fitting each model to the original renal function data and also to data with renal function estimated by each other equation. The results are shown in Table 4 . For the CG-and JELbased models, the use of GFR estimated by the MDRD or the CKD-EPI equation in place of the original equations (i.e., CG or JEL) resulted in greater negative biases for both population and individual predictions. In other words, using the MDRD or the CKD-EPI equations in place of the CG and JEL equations led to underestimation of vancomycin concentrations. The CG and JEL equations appear to be interchangeable, as the mean errors were very similar. For the MDRD-and CKD-EPI-based models, the use of CL CR estimated by the CG or the JEL equation in place of the original equation significantly altered population predictions but not individual predictions. For population predictions, the MDRD-and CKD-EPI-based models appear to overestimate vancomycin concentrations (greater positive biases) when CL CR estimated by the CG or the JEL equation was used. In contrast, the MDRD and CKD-EPI equations appear to be interchangeable for model-based prediction of vancomycin concentrations. Figure 1 shows the distribution of the prediction errors from each model in the final analysis of the entire patient data sets (n ϭ 78 patients) for both population and individual predictions (i.e., predicted minus observed vancomycin concentrations, also known as residuals). The corresponding plots of observed versus predicted concentrations are provided in the supplemental material. The six models predicted vancomycin concentrations well, although some high, unexplained vancomycin concentrations were underpredicted by all models, even after Bayesian estimation of individual parameters. Table 5 shows goodness of fit, predictive performance, and individual AUC 24 -48 from the six models in this final analysis. While the MDRDm-based model showed the lowest AIC value, it displayed the largest bias and imprecision. Biases were significantly different between the six models, the CG-based model being the least biased. Precisions were not significantly different. The six models provided significantly different estimates of the AUC in the 78 individuals.
A summary of population PK parameters of vancomycin estimated in the final analysis is shown in Table 6 . Except for volume of distribution, which estimation was quite consistent across the six models, typical parameter values as well as variability estimated by the different models varied substantially. So, estimates of renal function markedly influenced the estimation of vancomycin pop- ulation PK parameters. As an example, Fig. 2 shows the population distributions of vancomycin clearance parameters estimated by the CG-and the MDRD-based models. Clearly, the two distributions did not fully overlap. The CG-based model showed a cluster of high probability points with high CL S and low CL NR , while the MDRD-based model displayed a cluster of low-CL S and high-CL NR pairs.
DISCUSSION
Because renal function declines with age, drug dosage adjustment for renal function is often necessary for elderly patients. The Cockcroft-Gault equation has long been the reference equation for adjusting vancomycin as well as other drug dosage regimens to renal function. New renal function estimation equations have emerged in the last 15 years, notably the MDRD and CKD-EPI equations, which are now widely used to estimate the glomerular filtration rate in clinical routine practice. Numerous studies have compared the ability of old and newer estimation equations to estimate GFR in various patient populations, and newer equations usually performed better than older equations in estimating the true GFR in most patient groups (11, 15) . However, the use of the MDRD or CKD-EPI equation for dose adjustment of renally excreted drugs has not been validated. Individualization of vancomycin dosage regimens can be optimized by combining therapeutic drug monitoring and Bayesian adaptive control based on population PK models (3, 22) . Most population PK models of vancomycin previously published for adult patients incorporated CL CR estimated by the CG equation as a covariate influencing vancomycin body clearance, as reviewed by Marsot et al. (23) . More recently, it has been suggested that AUC should be used as a target criterion in place of trough level for vancomycin therapeutic drug monitoring, because it better correlates with the drug efficacy (24, 25) . In routine clinical practice, it is not possible to get rich data and calculate the actual AUC, but one can estimate the AUC from a few concentration measurements using PK models and Bayesian estimation. Little is known about the influence of PK model covariates such as renal function on model-based vancomycin AUC estimation.
To our knowledge, this is the first population PK study which assessed six renal function estimation equations, including the CG, MDRD, and CKD-EPI equations, as covariates for prediction of vancomycin clearance, concentrations in serum, and AUC. Several important conclusions can be drawn from this study.
First, estimates of renal function provided by the CG, JEL, MDRD, MDRDm, CKD-EPI, and CKD-EPIm equations were significantly different. In particular, in this population of nonobese elderly patients with normal mean body weight, estimates provided by the CG equation were generally lower than those provided by the original MDRD and CKD-EPI equations, which is consistent with previous works from our group and many others (26) (27) (28) (29) (30) (31) (32) . Because of this systematic difference, the use of the newer MDRD or CKD-EPI equation in place of the CG equation for drug dosing may have serious implications and cause overdosing in elderly patients for many drugs that are not monitored with concentration measurement (29, 32, 33) . Second, when those six renal function estimation equations were incorporated as a covariate in a two-compartment model, important differences were observed in the modeling of vancomycin pharmacokinetics. While all models fit data better than a twocompartment model without covariables, the goodnesses of fit of the models were not fully consistent, as large differences were observed in AIC values in both the learning step and the final analysis. The mean weighted errors of population predictions from the six models were also significantly different in those two steps. Overall, the CKD-EPI-and CKD-EPIm-based models appeared to be less appropriate in elderly patients, with AIC values greater than those of the MDRD and MDRDm-based models and mean weighted errors greater than those of the CG-and JEL-based models. The final analysis in the entire population of 78 patients also showed that parameter distributions and their descriptive statistics, as well as AUC estimation, were influenced by the renal covariate. As the equation used to estimate renal function significantly influenced data fit, parameter estimation, and AUC estimation, these results suggest that those six equations should not been considered interchangeable for PK modeling and prediction of vancomycin concentrations.
Third, when the six PK models were used to predict vancomycin kinetics in a validation data set with CL CR or GFR estimated with the reference equation, all models adequately described vancomycin concentrations and provided similar performances. This means that each model could be used for model-based, Bayesian pharmacokinetic monitoring and dose adjustment of vancomycin ), depending on the renal function estimation equation. For example, with the CG-based model, the mean vancomycin renal clearance for a subject with a creatinine clearance of 6 liters/h (100 ml/min) is: 0.42 ϫ 6 ϭ 2.52 liters/h. b IQR, interquartile range; CV, coefficient of variation. in elderly patients in clinical practice, provided that one used the same renal function estimation equation as was used for model building. Once serum concentration data are available and a Bayesian posterior model of drug behavior has been made for each individual patient, then an empirical relationship can be established between that patient's data of serum creatinine and the behavior of the drug, and it is likely that the differences between the various means of estimating creatinine clearance will be minimized.
However, when another equation is used to estimate renal function in place of the reference equation in the model, this could alter the model-based prediction of vancomycin levels. When GFR estimated by the MDRD or the CKD-EPI equation was used along with the CG-or JEL-based model, underestimation of vancomycin concentrations was observed on average, for both population and individual predictions. In contrast, population predictions based on the MDRD-or the CKD-EPI-based model overestimate vancomycin concentrations when the CG or the JEL equation was used to estimate renal function. Also, the cross-validation results suggest that the CG and JEL equations appear to be interchangeable, and so do the MDRD and CKD-EPI equations, for model-based prediction of vancomycin concentrations in the elderly. However, older CL CR estimation equations (CG and JEL) and the newer GFR estimation equations (MDRD and CKD-EPI) should not be interchanged for such a task. These observations are consistent with the differences observed in the estimation of renal function from each equation in the population (Table 1) .
A few other studies examined the influence of renal function estimation on vancomycin PK modeling. A study conducted with Japanese elderly patients compared the performance of the CG equation based on enzymatic S Cr , the CG equation based on Jaffeconverted S Cr , and the MDRD equation in predicting vancomycin trough levels using a Bayesian approach (34) . When the mean value of the population PK parameters was used to predict vancomycin concentrations (a priori prediction), the CG equation based on Jaffe-converted S Cr provided the best predictive performance. The use of the MDRD equation was associated with the largest bias and imprecision. After Bayesian estimation of individual parameters, the three methods showed comparable performances. Our study results are consistent with those from that study, confirming that the performance of the CG-based model was comparable to or even better than that of the MDRD-based model.
Recently, Conil and colleagues compared the ability of measured CL CR , CL CR estimated by the CG equation, and GFR estimated by the MDRD and the CKD-EPI equations to predict vancomycin body clearance in intensive care unit (ICU) patients who received continuous i.v. vancomycin (35) . Overall, significant but limited correlation was observed between vancomycin clearance and any index of renal function. In the Bland-Altman analysis, measured CL CR showed the least bias, and GFR estimated by the CKD-EPI provided the best precision. The authors concluded that the CKD-EPI equation was the best predictor of vancomycin clearance. It seems more difficult to compare results from Conil et al. with ours because the population, average renal function, PK estimation methods, and vancomycin use were different.
Sanchez et al. developed a population PK model of vancomycin in 141 subjects, including 40 subjects aged Ն64 years. The predictive performance of the model as well as that of 10 other PK methods was then evaluated in an independent data set of 95 patients with a mean age of 50 Ϯ 17 years (36) . The 10 other methods consisted of regression equations predicting vancomycin body clearance and, for some of them, volume of distribution. The results showed that the predictive performance was not consistent across all methods. All of them included CL CR in the prediction equation of vancomycin clearance, which was estimated using the CG equation for most of them. That study did not specifically address the influence of the estimation of renal function. The differences in regression coefficients, structural model, and influencing covariates between the methods may explain in part the difference in predictive performance.
The final parameter estimates from the six models (Table 6 ) are in agreement with those from previous studies. Significant nonrenal clearance of vancomycin was found in this study, with median values from the six final models ranging from 0.34 to 0.46 liter/h. This parameter varies widely in the literature, as reported by Murphy and colleagues (10) . In a study performed with 10 anuric patients, nonrenal clearance of vancomycin ranged from 0.23 to 1.40 liters/h (37). Others parameter values are broadly consistent with population studies performed with senior patients (36, 38) .
There are several limitations in this study. First, only a limited number of elderly Caucasian patients with normal body weight were included. As a consequence, this study result may not be able to be generalized to other patient populations.
While many other estimation equations and refinements have been proposed, we assessed only four original and two modified (MDRDm and CKD-EPIm, in milliliters per minute) renal function equations. We selected the CG and MDRD equations because they are the most widely used methods to estimate renal function in clinical practice. The CKD-EPI equation is an emerging equation which might replace the MDRD equation in the future (13) . The Jelliffe equation was selected because it has been the reference equation in the MM-USC*PACK collection of programs. It also has the unique feature of using a pair of serum creatinine values, thus accommodating unstable renal function (17) . In very large or small people, GFR estimated by the MDRD or the CKD-EPI equation in milliliters per minute per 1.73 m 2 may be substantially different from GFR in milliliters per minute, and it has been suggested that GFR in milliliters per minute be used to account for individual body surface area in drug dosing (39, 40) . This is why we evaluated modified versions of the MDRD and CKD-EPI equation to get GFR estimates in milliliters per minute. Such modification did not appear to significantly influence the estimation of renal function in the study population, as the mean estimates were similar between the original and modified MDRD and CKD-EPI equations (Table 1) in the study population. It also had limited influence on model-based prediction of vancomycin concentrations and parameter estimation.
We did not assess the influence of the serum creatinine assay method on the results. The CG equation was developed from serum creatinine measured with a colorimetric Jaffe method which is no longer in use today. The coefficients of the CG equation have never been revised for modern, IDMS traceable serum creatinine assays. Tsuji et al. have shown that converting enzymatic S Cr values into corresponding Jaffe values may significantly improve the performance of the CG equation as a covariate to predict vancomycin concentrations (34) . However, in our opinion, it is unlikely that clinicians will perform such conversion in routine clinical practice.
Other limitations are inherent to the clinical environment of this study. As data were collected during routine patient care, this may have affected the precision of drug dosing and sampling times, as well as weight, height, or BSA values. Finally, we did not evaluate the dose requirements predicted by each pharmacokinetic model. Despite significant differences observed in data fitting and predictive performance, the six models might show little difference in the doses required to reach some predefined target serum levels in patients. It would be interesting to examine this point in future studies.
Because the MDRD and CKD-EPI equations were shown to estimate GFR better than the CG equation in most patients, some authors have recommended using those newer GFR estimation equations for drug dosing (41) . In France, the national health authority (Haute Autorité de Santé) supports the use of the CKD-EPI equation for diagnosing chronic kidney disease and estimating renal function. This institution suggested that drug labels be revised in order to incorporate the CKD-EPI equation in place of the CG equation for drug dose adjustment (42) .
However, there is no scientific rationale to support this paradigm shift. When it comes to estimating renal function for drug dosing, accurate estimation of GFR is not the ultimate goal. In pharmacology and therapeutics, the objective is to individualize the drug dosage regimen using the most appropriate index of renal function. So, one should determine and use the renal function index that best predicts the drug PK.
In this study, when used as covariate in PK models, the MDRD and CKD-EPI equations did not outperform the CG and Jelliffe equations. In a previous study conducted by our group with elderly patients who were administered gentamicin, the CG-and the JEL-based models provided better predictive performance than the MDRD-based models (26) . These findings do not support a general switch from older to new renal function estimation equations for drug dosing. Further research is necessary to determine which marker of renal function is the most adequate for drug dose adjustment. It is likely that the results may vary across drugs and depend on the pharmacokinetic properties, especially the renal transport of each agent. Our approach based on population PK may serve as a template for such evaluation.
Conclusion. In conclusion, this study conducted with elderly patients showed that the equation used to estimate renal function significantly influenced both concentration prediction and estimation of PK parameters of vancomycin. Pharmacokinetic models based on the MDRD and CKD-EPI equations did not outperform models based on the Cockcroft-Gault and the Jelliffe equations. These results suggest that the various renal function estimation equations should not be considered interchangeable for PK modeling and prediction of concentrations of renally excreted drugs such as vancomycin.
